The involvement of ATP-sensitive K + (K ATP ) channels in the atrophy of slow-twitch (MHC-I) soleus (SOL) and fast-twitch (MHC-IIa) flexor digitorum brevis (FDB) muscles was investigated in vivo in 14-day-hindlimb-unloaded (14-HU) rats, an animal model of disuse, and in vitro in drug-induced muscle atrophy. Patch-clamp and gene expression experiments were performed in combination with measurements of fibre diameters used as an index of atrophy, and with MHC labelling in 14-HU rats and controls. A down-regulation of K ATP channel subunits Kir6.2, SUR1 and SUR2B with marked atrophy and incomplete phenotype transition were observed in SOL of 14-HU rats. The observed changes in K ATP currents were well correlated with changes in fibre diameters and SUR1 expression, as well as with MHC-IIa expression. Half of the SOL fibres of 14-HU rats had reduced diameter and K ATP currents and were labelled by MHC-I antibodies. Non-atrophic fibres were labelled by MHC-IIa (22%) antibodies and had enhanced K ATP currents, or were labelled by MHC-I (28%) antibodies but had normal current. FDB was not affected in 14-HU rats and this is related to the high expression/activity of Kir6.2/SUR1 subunits characterizing this muscle phenotype. The long-term incubation of the control muscles in vitro with the K ATP channel blocker glibenclamide (10 −6 m) reduced the K ATP currents with atrophy and these effects were prevented by the K ATP channel opener diazoxide (10 −4 m). The in vivo down-regulation of SUR1, and possibly of Kir6.2 and SUR2B, or their in vitro pharmacological blockade activates atrophic signalling in skeletal muscle. All these findings suggest a new role for the K ATP channel as a molecular sensor of atrophy.
Introduction
Skeletal muscles are classified as slow-and fast-twitch phenotypes on the basis of their different speeds of contraction and different functions. At the molecular level, slow-and fast-twitch skeletal muscles can be distinguished by their complement of contractile proteins such as type I myosin heavy chain (MHC) in slow-twitch and MHC type IIa-IIb (IIx) in fast-twitch muscles, cellular metabolism, hormonal regulation and drug responses. Differences between muscle phenotypes in the expression and activity of sarcolemmal ion channels have also been demonstrated. For example, the lower activity of the voltage-dependent Na + channel, ClC-1 chloride channel, and aquaporin-4 channel has been observed in slow-twitch muscles as compared with that measured in the fast-twitch phenotype Frigeri et al. 2001; Pette, 2002; Pierno et al. 2002; Liu et al. 2004) . By contrast, higher Ca 2+ -activated K + (BK) channel activity has been observed in slow-twitch as compared with fast-twitch muscle (Tricarico et al. 2005 ).
An up-regulation of Na + , ClC-1, and aquaporin-4 channels has been observed in slow-twitch muscles of hindlimb-unloaded (HU) rats, an accepted animal model J Physiol 588.5 of hypogravity and muscle disuse which are conditions characterized by atrophy and myofibre phenotype transitions of skeletal muscle Frigeri et al. 2001; Pierno et al. 2002) . Slow-twitch muscles from these animals show reduced stretch-activated (SAC) and BK channel activities as contributing to lowering the resting intracellular Ca 2+ concentration in type I fibres to levels resembling type II fibres. This is associated with deactivation of the Ca 2+ -dependent calcineurin pathway, which is a triggering mechanism for the slow-to-fast fibre transition in various conditions of disuse (Fraysse et al. 2003; Tricarico et al. 2005; Harridge, 2007) . The Ca 2+ -dependent calmodulin/calcineurin pathway is indeed a known repressor of the slow-to-fast gene reprogramming in skeletal muscle (Fraysse et al. 2003; Harridge, 2007) . Therefore, the activity of Na + , ClC-1, aquaporin-4, BK and stretch-activated channels appears to be dependent on phenotypic transition rather than atrophy.
Atrophy instead affects fast-twitch and slow-twitch muscles showing different degrees of damage depending on muscle type and function often leading in severe cases to an irreversible impairment of muscle function. This process is generally considered an imbalance between protein synthesis and degradation, in favour of the latter, which are under the control of several pathways and growth factors. Atrophy in skeletal muscle is known to be associated with a series of intracellular events involving deactivation of the PI3K/Akt/mTOR pathway, activation of the FOXO/atrogin and MurF1 genes with proteolysis and inhibition of protein synthesis (Kandarian & Jackman, 2006) . Atrophy is also associated with apoptosis in slow-twitch muscle rather than in fast-twitch muscle in which lysosomal activity might prevail and the activation of proteolytic pathways could differ between slow and fast muscles (Dupont-Versteegden, 2006; Ferreira et al. 2007 Ferreira et al. , 2008 . However, not much is known about the membrane signals involved in this process in skeletal muscle.
More recently, we demonstrated that the molecular composition, biophysical properties and pharmacological responses of ATP-sensitive K + (K ATP ) channels in skeletal muscle are phenotype-dependent and muscle-type specific (Kane et al. 2005; Tricarico et al. 2006; Wu et al. 2007) . High K ATP channel activity is observed in excised patches from fast-twitch muscle fibres as compared with slow-twitch muscle; differences in the surface K ATP channel activity and properties have also been observed within fast-twitch muscle types suggesting that K ATP channel activity, other than phenotype, is related to morphology or muscle-specific functions. The opening of K ATP channels saves the intracellular energy pool, regulates glucose uptake into the fibres and contributes to the K + ion efflux during strenuous muscle activity, and it is involved in the buffering of the energy pool during metabolic stress. In resting fibres, K ATP channels contribute few millivolts to the resting potentials; however, K ATP channel opening participates significantly in the fibre hyperpolarization following insulin stimulation (Tricarico et al. 1997) . In fast-twitch muscle the K ATP channel is involved in the delayed regulation of prolonged action potential firing thereby reducing the excitability of the fibres during muscle fatigue (Pedersen et al. 2009 ). K ATP channels are complexes of inwardly rectifying K + channels (Kir6.1 and Kir6.2) and sulfonylurea receptor subunits (SUR1, SUR2A and SUR2B). The Kir6.2/SUR2A subunits constitute the main K ATP channel in different skeletal muscle phenotypes (Tricarico et al. 2006) . Reduced/expression activity of SUR2A/Kir6.2 subunits is associated with the insulin-dependent fibre depolarization and paralysis in K + -depleted rats, and it maybe responsible for the observed reduced K ATP channel activity recorded in the fibres from hypokalaemic periodic paralysis patients (Tricarico et al. 1999 (Tricarico et al. , 2008 . Hybrid K ATP channel complexes composed of SUR1 and SUR2B subunits contribute to functional channels in different muscle types. SUR1 is abundantly expressed in various fast-twitch muscle types including the flexor digitorum brevis (FDB) muscle and it is less expressed in slow-twitch soleus (SOL) muscle of the rat but the significance of this observation is currently unknown. Several reports demonstrated that SUR1-but not SUR2-expressing cells are more susceptible to apoptosis induced by SUR1 inhibitors such as glibenclamide and observed in the SUR1 knock-out mice as determined by monitoring cell detachment, nuclear condensation, DNA fragmentation, and caspase-3-like activity (Mandrup-Poulsen, 2001; Valentijn et al. 2004; Hambrock et al. 2006) . SUR-1-induced apoptosis is also associated with activation of extracellular signal-regulated kinase (ERK) (Maedler et al. 2004) . In pancreatic β cells, SUR1-selective blockers of K ATP channels leads to apoptotic cell death, while SUR1 openers preserve cell integrity leading to the idea that down-regulation of the subunits or pharmacological blockade of this channel type is involved in the atrophy of pancreatic tissue (Mandrup-Poulsen, 2001; Maedler et al. 2004 Maedler et al. , 2005 . However, the possible involvement of K ATP channels in the atrophic signalling in skeletal muscle is not known.
Here we investigate the involvement of K ATP channels in the atrophy of slow-twitch (MHC-I fibre type) SOL and fast-twitch (MHC-IIa fibre type) FDB muscles that are characterized by low and high Kir6.2/SUR1 channel activity, respectively. Patch-clamp/gene expression experiments on whole SOL and FDB muscles from 14-HU rats and controls were performed in combination with measurements of the muscle-to-body weight ratio, used as an index of atrophy, and with immunofluorescence staining of MHC isoforms. K ATP channel activity, evaluation of MHC isoform expression and measurements of the fibre diameter were also performed on the same isolated SOL fibres from 14-HU rats. The capability of the K ATP channel blocker glibenclamide in inducing 'in vitro' atrophy and apoptosis of SOL and FDB muscles from control rats, and the capability of the well-known K ATP channel opener diazoxide in preventing these processes in the same muscles were also evaluated.
We found that K ATP channels are down-regulated in atrophic MHC-I fibres but up-regulated in non-atrophic MHC-IIa fibres. The high Kir6.2/SUR1 activity protects FDB against atrophy. The reduced expression of Kir6.2, SUR1 or SUR2B subunits or their pharmacological blockade are associated with atrophy indicating that the K ATP channel is a molecular sensor of this process in skeletal muscle.
Methods

Animal care and surgery
The experiments complied with the Italian guidelines for the use of laboratory animals, which conforms with the European Community Directive of 1986 (86/609/ECC). The experiments comply with the policies and regulations of The Journal of Physiology as described by Drummond (2009) . In brief, deep anaesthesia was produced by a single intraperitoneal injection of urethane (1.2 g (kg body weight) −1 ). No neuromuscular blocking agents or nitric oxide were administered to the rats, since that would have interfered with our experiments using urethane for deep anaesthesia. An overdose of urethane was used to kill the animals. Experiments were also approved by the Italian Health Department (Art. 9 del Decreto Legislativo 116/92: Decreto no. 33/2000-B del Dipartimento degli alimenti e nutrizione e della sanità pubblica) and performed under the supervision of a local veterinary official. Male Wistar rats weighing 250-350 g (Charles River Lab., Calco, Italy) were randomly assigned to control or HU groups. To induce muscle unloading, the animals were suspended individually in a special cage for 14 days as previously described .
Whole muscle experiments were performed as follows: at the end of the period of unloading (14 days), SOL and FDB muscles were removed from the animals under deep anaesthesia. After muscle dissection, the animals were killed by an overdose of urethane. Muscles were rapidly dissected from controls (n = 6 rats; n = 12 muscles) and 14-HU rats (n = 10 rats; n = 20 muscles). The first group of muscles was used for patch-clamp experiments (n = 6 muscles from controls; n = 10 muscles from 14-HU rats). The contralateral muscles (second group) were frozen in liquid nitrogen promptly after surgical removal for mRNA analysis and for myosin isoform identification (n = 6 muscles from controls; n = 10 muscles from 14-HU rats). Muscles were carefully blotted before weighing. Muscles with evident damage and contraction were excluded from the experiments.
Single fibre experiments were also performed. Some isolated fibres from SOL muscles of controls (n = 14 fibres) and 14-HU rats (n = 35 fibres) were used for combined optical fibre diameter measurements, patch-clamp experiments and for the myosin isoform identification in the single fibres.
Patch-clamp experiments
Experiments were performed in inside-out configurations using the standard patch-clamp technique. Channel currents were recorded by using macropatches during voltage steps from 0 mV of holding potential to −60 mV membrane potential (V m ) immediately after excision, at 20-22
• C, in the presence of KCl on both sides of membrane patches in the absence (control) or presence of ATP in the bath as previously described (Tricarico et al. 2006) .
Fibre diameter measurements
Isolated fibres were equilibrated in normal Ringer solution (300 mosmol l −1 ) for 15 min at 25
• C. The fibre diameter was determined using an ocular micrometer attached to a Zeiss Axiovert 10 inverted microscope (×10). For each fibre, three individual measurements were performed at three different points on the fibre. The same fibres were used for patch-clamp experiments and MHC subtype detection. Contracted fibres and fibres with blebs were disgarded from the analysis.
Real-time quantitative PCR on whole muscle
For each muscle sample, the total RNA was isolated using TRIzol reagent and treated with DNase I (4 units, 37
• C, 1 h). The real-time quantitative PCR experiments were performed as previously described (Tricarico et al. 2006) .
Myosin isoform identification in whole muscle and in single fibres
Immunofluorescence staining was performed as described previously (Frigeri et al. 1998 (Frigeri et al. , 2001 . Briefly, SOL and FDB muscles from controls and 14-HU rats were dissected and rapidly frozen in isopentane cooled with liquid nitrogen. Cryostat cross-sections (5 μm) were incubated with types IIa, IIb (Frigeri et al. 1998) or I (1:500 dilution; Sigma, St Louis, MO, USA) MHC mouse monoclonal antibodies for 1 h at room temperature. After washing, sections were incubated for 1 h with fluorescein isothiocyanate (FITC)-coupled goat anti-mouse antibodies (1:100 dilution). Sections were examined with a Leica DMRXA J Physiol 588.5 photomicroscope equipped for epifluorescence, and digital images were obtained with a cooled CCD camera (Princeton Instruments, Princeton, NJ, USA). The type I, IIa and IIb fibres in SOL muscles were evidenced by the immunofluorescent staining of cryostat sections and the relative number determined.
Following fibre diameter and patch-clamp measurements, some single fibres from SOL muscles were randomly collected using a microsyringe (B-D tuberculin syringe 27G 1/2 ), rapidly stored at −20 • C in cryovials and analysed blindly for their MHC expression profile. The criteria for fibre collection were: (1) fibres with no evident signs of advanced apoptosis as evidenced by surface blebs; (2) fibres with no evident contraction; (3) fibres that could be collected within 2 h of the enzymatic dissociation. The percentage of fibres discarded of controls and 14-HU rats were 10% and 13%, respectively. Separation and identification of MHC isoforms was performed as follows: the single fibres were taken and dissolved in Laemmli solution (Laemmli, 1970; Schiaffino et al. 1989; Pellegrino et al. 2003) and loaded on 8% polyacrylamide gels. Electrophoresis was run for 2 h at 200 V and then for 24 h at 250 V. Electrophoresis of single fibre segments were silver stained, as such staining, being more sensitive, is preferable when small amounts of protein are to be detected ( Fig. 1 ). In the region of MHC isoforms, three major bands were separated that corresponded, in order of migration from the fastest to the slowest, to MHC-I or MHC-IIa and MHC-IIx. In relation to the presence of one or two bands in the MHC region, single fibres were classified as one of the following types: I, IIa, IIx (pure fibres) and I-IIa, IIa-IIx (mixed fibres) (Pellegrino et al. 2003) . 
Solutions
The normal Ringer solution used during muscle biopsy and for preparation of isolated fibres contained 145 × 10 −3 M NaCl, 5 × 10 Drug-dependent atrophy and K ATP channel activity in muscles isolated from controls SOL and FDB muscles were removed from the male control rats (body weight = 500 g) (n = 10 rats) under deep anaesthesia induced by intraperitoneal injection of urethane (1.2 g (kg body weight) −1 ). After muscle dissection, the animals were rapidly killed with an overdose of urethane. Intact muscles used for visual and stereomicroscope inspection were carefully pinned on Petri disks. Muscles damaged during dissection or showing contraction during the incubation period were discarded. All experiments were performed under 5% CO 2 -95% O 2 atmosphere for the maintenance of aerobic conditions, at 37
• C, and the muscles were incubated for 72 h with the drug solutions under investigation. At the end of the incubation period, all muscle samples were blotted on adsorbent paper, carefully weighed and rapidly frozen in liquid nitrogen. Muscles were incubated with Dulbecco's modified Eagle's medium (DMEM+) solution composed by 1X antibiotics (1%), L-glutamine (1%), FBS (10%) and enriched with glibenclamide at 10 −6 M concentration or diazoxide at 10 −4 M concentration, or with glibenclamide (10
The observed values of total proteins and wet weight of the muscles were compared with those of the corresponding contralateral muscles from the same rats incubated with DMEM+ solution alone for 72 h. Samples from muscle homogenates were used for total protein content quantification using Bio-Rad protein assay (Bio-Rad Labs GmbH, München, Germany) and evaluation of the caspase-3 activity. Caspase-3 activity was measured using a colorimetric assay based on the hydrolysis of the peptide substrate acetyl-Asp-Glu-Val-Asp-p-nitroaniline (Ac-DEVD-pNA) by caspase-3 resulting in the release of the pNA which has a high absorbance at 405 nm. The reagents and the CASP-3C kit used were supplied by Sigma (Milano). Some muscles incubated for 72 h with glibenclamide or diazoxide were used for patch-clamp experiments and fibre diameter measurements. Single fibres were obtained by enzymatic dissociation as previously described. K ATP channel current recordings and measurements of the diameters of the fibres were performed in the absence of drugs.
Statistics
The fibre subtypes were identified on the basis of their combined statistically different fibre diameter and K ATP current values as determined by Student's t test and on their reaction to the specific antibodies labelling the MHC-I or MHC-IIa isoforms. Inclusion criteria for grouping muscles and/or single fibres were the calculation of the significant differences between pairs of means of the K ATP currents and fibre diameters. Significance between pairs of means were calculated by Student's paired t test. Significant differences was considered for P < 0.05 or less. Multiple correlation analysis was performed between three variables to calculate the coefficient of correlation (r) by solving the equation
While linear correlation analysis was performed by solving the equation y = b 0 + b 1 x 1 . Data evaluation and statistics were performed with Excel software.
Results
Muscle atrophy, slow-to-fast phenotype transition and expression activity of K ATP channel subunits of SOL and FDB muscles from 14-HU rats
We previously demonstrated that 14-day-HU in rats leads to a significant reduction of the muscle-to-body weight ratio and of fibre diameter with respect to controls (Desaphy et al. 2005 ) and we confirmed this finding in our current experiments. The muscle-to-body weight ratio was 0.460 ± 0.04 mg g −1 (n = 6 muscles) and 0.345 ± 0.05 mg g −1 (n = 10 muscles) in control (n = 6 rats) and 14-HU rats (n = 10 rats), respectively, while the measured fibre diameter was 80.1 ± 12 μm (n = 94 fibres) and 60.3 ± 11 μm (n = 99 fibres) in control and 14-HU rats, respectively ( Fig. 2A) . Further, we observed a significant increase in expression of the fast type IIa MHC isoform in SOL muscles of 14-HU rats (n = 10 muscles) as compared to controls (n = 6 muscles), but no change in expression of the slow type I MHC isoform was observed in the same muscles (Fig. 2B, C , D, E and F) . We should stress that the serial sections of the same muscles were simultaneously labelled by MHC IIa and MHC I antibodies suggesting co-expression of both types of MHC isoforms in the same fibres. These findings, in agreement with previous reports, indicate that a significant atrophy of SOL muscle is observed during 14-HU that is accompanied by an incomplete slow-to-fast phenotype transition of the muscle following disuse (Frigeri et al. 1998 (Frigeri et al. , 2001 ). In contrast, FDB muscles from the same animals were not affected by disuse. The muscle-to-body weight ratio was 0.360 ± 0.02 mg g −1 (n = 6 muscles) and 0.385 ± 0.05 mg g −1 (n = 10 muscles) in control and 14-HU rats, respectively, and the measured fibre diameter was 40.1 ± 9 μm (n = 34 fibres) and 38.1 ± 8 μm (n = 29 fibres) in control and 14-HU rats, respectively.
Patch-clamp experiments showed that the excision of macropatches into ATP-free solution produced a dramatic increase in inward currents in 38% and 35% of macropatches from SOL fibres of control and 14-HU rats, respectively. The total mean inward current recorded at −60 mV (V m ) after excision was −108.6 ± 11 pA (n = 94 patches) and −99.1 ± 32 pA (n = 99 patches) for SOL muscles of control and 14-HU rats, respectively. Exposure of macropatches excised from all fibres to intracellular ATP (5 × 10 −3 M) reduced current amplitudes. The total ATP-sensitive current was −86.5 ± 9 pA (n = 94 patches) and −80.56 ± 35 pA (n = 99 patches) in SOL fibres of control and 14-HU rats, respectively. A large variability in the K ATP current amplitude was observed in the sampled patches from 14-HU rat fibres as compared with those of the controls. This suggested the presence of multiple current components contributing to the total mean current recorded in the fibres. Three groups of SOL muscles have been identified and grouped on the basis of their K ATP channel activity and fibre diameter. The possible correlation of these parameters with the predominant muscle phenotype was also evaluated. The first group of muscles (n = 3 muscles) was characterized by a reduced K ATP current and fibre diameter of −65.6 ± 3 pA (n = 31 patches) and 65.4 ± 3 μm (n = 31 fibres), respectively, and by a low expression level of the MHC type IIa isoform of 21.3 ± 4%. The second (n = 5 muscles) group was characterized by a significantly greater K ATP current and fibre diameter of −75.34 ± 6 pA (n = 51 patches) and 75.96 ± 5 μm (n = 51 fibres), respectively (P < 0.05 or less) as compared with the first group, and an expression level of MHC type IIa of 27.6 ± 4%. The third group (n = 2 muscles) was characterized by a significantly enhanced K ATP current and fibre diameter of −110.5 ± 9 pA (n = 17 patches) and 89.2 ± 4 μm, respectively (n = 17 fibres) (P < 0.05 or less) as compared with the others, and showed an expression level of MHC type IIa of 31%. A linear correlation between K ATP current and fibre diameter values was observed (r = 0.848); multiple correlation analysis also revealed a correlation between K ATP current, fibre diameter and percentage expression levels of MHC type IIa (r = 0.7413) ( Table 1) . While a low level of correlation was observed between the percentage expression levels of MHC IIa and K ATP current values (r = 0.601).
In contrast, no change occurred in the K ATP currents and fibre diameters recorded from FDB muscle fibres of 14-HU rats. The mean current amplitude and the fibre diameters were, respectively, −369.41 ± 11 pA (n = 29 patches) and 43.86 ± 5 μm (n = 29 fibres) in the controls, and −359.1 ± 8 pA (n = 25 patches) and 41.96 ± 5 μm J Physiol 588.5 (n = 25 fibres) in the FDB muscle fibres from 14-HU rats. No change in the percentage expression levels of MHC-IIa in this muscle phenotype was observed following the unloading period.
Quantitative real-time RT-PCR analysis performed on whole muscles demonstrated that the relative expression level of Kir6.2 mRNA was significantly reduced from 0.118 ± 0.09 in the SOL of controls (n = 6 muscles) to 0.0831 ± 0.013 in the SOL of 14-HU rats (n = 10 muscles) (P < 0.05 or less). The relative expression levels of SUR1 and SUR2B mRNA were also significantly reduced following disuse, respectively, from 0.0081 ± 0.0001 and 0.0151 ± 0.002 in the SOL of controls (n = 6 muscles) to 0.00522 ± 0.003 and 0.00721 ± 0.001 in the SOL of 14-HU rats (n = 10 muscles) (P < 0.05 or less). But no changes in the expression levels of Kir6.1 and SUR2A subunits were found in the same SOL muscles from 14-HU rats. Multiple correlation analysis performed between the fibre diameters, K ATP currents and the expression levels of SUR1 of SOL showed high correlations between variables (r = 0.9335) ( Table 1) . A low level of correlation was observed between the fibre diameters, K ATP currents and the relative expression levels of Kir6.2 (r = 0.600) and SUR2B (r = 0.5413) subunits. In contrast, the expression of all K ATP channel subunits in the FDB muscles was not affected following 14 days of unloading of the rats.
K ATP channel activity, MHC isoform identification and diameter measurements in single fibres isolated from SOL muscles of 14-HU rats and controls
To investigate the specific effects of atrophy and/or of the slow-to-fast phenotype transition on K ATP channel properties, experiments were performed combining patch-clamp recording of channel activity, MHC isoform identification and fibre diameter measurements in the same isolated fibres. A similar number of fibres per SOL (n = 3-4 fibres) were randomly collected and grouped on the basis of their K ATP currents and diameters, and
Figure 2. Percentage changes in myosin heavy chain (MHC) expression levels, fibre diameters and muscle-to-body weight ratio of slow-twitch soleus (SOL) muscle from 14-day-hindlimb-unloaded (14-HU) rats
A, the mean muscle-to-body weight ratio was calculated for 14-HU rats (n = 10 rats) and normalized with respect to that of control rats (n = 6 rats). The body weights of the 14-HU rats and controls were 355 ± 30 g and 385 ± 30 g, respectively, at the end of the unloading period. The change to fibre diameter was calculated (n = 90 fibres) for the 14-HU rats and normalized with respect to that of control rats (n = 110 fibres). Disuse leads to a significant reduction of the muscle-to-body weight ratio and of fibre diameter. The muscles were rapidly excised from the bones of anaesthetized rats and carefully dried before weighing. B, percentage MHC isoform expression levels were evaluated on muscles from 14-HU and control (CTRL) rats. C, D, E and F, immunofluorescence staining for specific MHC isoforms expressed in SOL muscle sections from 14-HU rats and controls. Disuse leads to a significant increase in the expression levels of the fast type IIa MHC isoform; while no changes were observed in the expression levels of the slow type I MHC isoform. The numbers above the columns indicate the number of sampled muscles/rats. * Significant differences between data are evaluated by an unpaired Student's t test for P < 0.05 or less. their MHC was evaluated. Single fibre analysis revealed that 48.5% of the randomly sampled fibres (n = 35 fibres) isolated from all SOL muscles were atrophic following disuse. The atrophic fibres were of the MHC-I type, and showed reduced diameters of 47 ± 7 μm (n = 17 fibres) and K ATP currents of −15 ± 4 pA (n = 17 patches) that were significantly lower than controls (P < 0.05). A significant number of non-atrophic fibres (22%) were of the MHC-IIa type, and exhibited significantly enhanced K ATP currents of −150 ± 12 pA (n = 8 patches, P < 0.05) as compared to controls, and normal diameters of 79 ± 11 μm (n = 8 fibres). The other non-atrophic fibres (28%) were of the MHC-I type, and showed K ATP currents of −85 ± 10 pA (n = 10 patches) and diameters of 76 ± 5 μm (n = 10 fibres), thereby resembling those of controls.
Control fibres showed a mean diameter of 87 ± 3 μm (n = 14 fibres) with a K ATP current amplitude of −78 ± 21 pA (n = 14 patches) and were of the MHC-I type.
Three subtypes of fibre designated type A, B and C were observed. Fibre subtype A exhibited atrophy accompanied by a reduced K ATP activity, but no slow-to-fast phenotype transition. Subtype B fibres showed no atrophy, but enhanced K ATP channel activity and fast phenotype. Finally C fibres did not show any signs of atrophy or phenotype transition and exhibited normal K ATP channel activity (Fig. 3) .
Effects of pharmacological K ATP modulators on K ATP channel currents, fibre diameters, protein concentration/muscle weight and caspase-3 activities of control muscles
The involvement of the K ATP channel in the atrophy of SOL and FDB muscles was further investigated by exposing 'in vitro' SOL or FDB muscles from control rats to glibenclamide and/or diazoxide, which are a known blocker and opener of K ATP channels, respectively. The muscles were incubated for 72 h with DMEM+ solution used as controls, DMEM+ solution enriched with glibenclamide (10 −6 M) or diazoxide (10 −4 M), and glibenclamide (10 −6 M) + diazoxide (10 −4 M) solutions. Patch-clamp experiments showed that 72 h treatment of SOL with glibenclamide (10 −6 M) significantly reduced the K ATP channel activity and diameters of the enzymatically isolated fibres. The K ATP channel currents and fibre diameters were, respectively, −73 ± 5 pA (n = 16 patches) and 78.5 ± 7 μm (n = 16 fibres) in the DMEM+ solution and −24.5 ± 5 pA (n = 17 patches) (P < 0.05) and 59.5 ± 7 μm (n = 17 fibres) (P < 0.05) in DMEM+ solution enriched with glibenclamide (10 −6 M). The incubation of the SOL with glibenclamide (10 −6 M) + diazoxide (10 −4 M) solutions also prevented the reduction of the K ATP channel currents and fibre diameters. We also found that glibenclamide was capable of significantly reducing the total protein content J Physiol 588.5 ( n = 7) (n = 13) (n = 7) (n = 3) (n = 3) Protein concentration/ 6.66 ± 0.03 5.56 ± 0.01 4.69 ± 0.01 * 5.59 ± 0.01 5.69 ± 0.02 muscle weight (mg mg −1 ) ( n = 7) (n = 13) (n = 7) (n = 3) (n = 3) Caspase-3 activity 0 1.33± 0.09 1.73 ± 0.09 * 1.31 ± 0.08 1.32 ± 0.09 (10 −6 μmol pNA min −1 ml −1 ) ( n = 7) (n = 13) (n = 7) (n = 3) (n = 3) Soleus (SOL) muscles from control rats were incubated for 72 h with the DMEM+, DMEM+ enriched with glibenclamide or diazoxide at 10 −6 M and 10 −4 M concentrations, respectively, under 5% CO 2 atmosphere at 37 • C. Control muscles are samples that were rapidly processed after dissection, and therefore not exposed to DMEM+ or other DMEM+ drug-enriched solutions. n in parentheses indicates the number of SOL muscles sampled. Values are mean ± standard deviation. * Controls vs. all other groups (significantly different for P < 0.05 or less).
of SOL muscles by 10.38% and the ratio protein concentration/muscle wet weight, which is an index of atrophy, by 15.6% (Table 2 ). The incubation of SOL with glibenclamide + diazoxide solutions prevented the reduction of both total protein concentration and the ratio of protein concentration/muscle wet weight. Caspase-3 activity increased significantly in SOL muscle after 72 h incubation with glibenclamide and this effect was prevented by diazoxide (Table 2) . Patch-clamp experiments showed that 72 h treatment of FDB with glibenclamide (10 −6 M) significantly reduced the K ATP channel activity and diameter of the fibres. The K ATP channel currents and fibre diameters were, respectively, −350.5 ± 19 pA (n = 18 patches) and 39 ± 7 μm (n = 18 ( n = 4) (n = 9) (n = 3) (n = 3) (n= 3) Protein concentration/ 8.56 ± 0.02 7.3 ± 0.03 5.96 ± 0.01 * 7.09 ± 0.02 7.29 ± 0.02 muscle weight (mg mg −1 ) ( n = 4) (n = 9) (n = 3) (n = 3) (n = 3) Caspase-3 activity 0 0 0 0 0 (μmol pNA min −1 ml −1 ) ( n = 4) (n = 9) (n = 3) (n = 3) (n = 3)
Flexor digitorum brevis (FDB) muscles from control rats were incubated for 72 h with the DMEM+, DMEM+ enriched with glibenclamide or diazoxide at 10 −6 M and 10 −4 M concentrations, respectively, under 5% CO 2 atmosphere at 37 • C. Control muscles are samples that were rapidly processed after dissection, and therefore not exposed to DMEM+ or other DMEM+ drug-enriched solutions. n in parentheses indicates the number of FDB muscles sampled. Values are mean ± standard deviation. * Controls vs. all other groups (significantly different for P < 0.05 or less).
fibres) in the DMEM+ solution and −19.16 ± 6 pA (n = 15 patches) (P < 0.05) and 25.3 ± 4 μm (n = 15 fibres) (P < 0.05) in DMEM+ solution enriched with glibenclamide (10 −6 M). The incubation of FDB with glibenclamide (10 −6 M) + diazoxide (10 −4 M) solutions also prevented the reduction of the K ATP channel currents and fibre diameters. Treatment (72 h) of FDB muscles with glibenclamide (10 −6 M) also significantly reduced the total protein content by 16.9% and the ratio of protein concentration/muscle wet weight by 18.36% and these effects were prevented by diazoxide (10 −4 M) (Table 3 ). However, the activity of caspase-3 of the contralateral control FDB muscles after 72 h of incubation time with DMEM+ alone was undetectable as compared with that of the SOL muscles. Furthermore, the activity of caspase-3 of FDB muscles was not affected by glibenclamide or diazoxide.
Incubation of SOL and FDB muscles for 72 h with DMEM+ and diazoxide (10 −4 M) did not restore the values of total protein concentrations and the ratio of protein concentration/muscle wet weight to controls, indicating that this compound is not capable of preventing the muscle atrophy that is not K ATP dependent. The percentage reduction of K ATP channel currents and diameters observed following 72 h treatment with DMEM+ in the absence or in the presence of glibenclamide, calculated with respect to the channel currents and diameters of control fibres, respectively, were −6.4% (SOL), −5.2% (FDB) and −10% (SOL), −11% (FDB) in the absence of drug; and −68.5% (SOL), −94.6% (FDB) and −31.6%(SOL), −42.3% (FDB) in the presence of glibenclamide. This suggested that a non-K ATP -dependent process is responsible for about 10% of the atrophy in both SOL and FDB muscle fibres; while the K ATP channel-dependent pathway is responsible for 21.6% and 31.3% of the atrophy observed in the SOL and FDB muscle fibres, respectively.
Discussion
In the present work we showed that the K ATP channel is a key molecular component in the atrophic signalling in slow-twitch and fast-twitch muscles as investigated in the 14-day-hindlimb-unloaded rats, which are normally characterized by extensive atrophy of slow-twitch muscle and by an incomplete slow-to-fast phenotype transition of the fibres, and in an in vitro pharmacological model of muscle atrophy. This is supported by several findings; first, in the slow-twitch muscle from 14-HU rats a down-regulation of K ATP channels has been observed. Reduced K ATP channel current recorded in excised patches was indeed observed in atrophic fibres mostly in the MHC-I fibres (subtype A fibres). Second, the observed changes in the K ATP channel currents correlate well with the changes in the fibre diameters, used as a cellular index of atrophy. Third, long-term in vitro incubation of the slow-twitch or fast-twitch muscles of control rats with glibenclamide, a selective blocker of the K ATP channel, reduced either K ATP channel currents recorded in excised patches and fibre diameters, and these effects were prevented by diazoxide, a well-known K ATP channel opener.
The observed reduction of K ATP channel activity in the muscles from 14-HU rats is due to the down-regulation of the genes of the K ATP channel subunits. A significant reduction of relative expression levels of SUR1, Kir6.2 and SUR2B subunits was found in the slow-twitch muscle following disuse, with no changes in the SUR2A J Physiol 588.5 or Kir6.1 subunits. The observed changes in the fibre diameters and K ATP channel currents correlate well with the relative expression levels of SUR1 of slow-twitch muscle, as demonstrated by the multiple correlation analysis performed between all these variables, while the low levels of correlation found between the fibre diameters, K ATP channel currents and the relative expression levels of Kir6.2 or SUR2B subunits suggest a secondary role for these subunits in the atrophic processes. Furthermore, glibenclamide and diazoxide, which are capable in vitro of, respectively, inducing or preventing atrophy of skeletal muscle, bind with high affinity to SUR1 subunits but are low affinity ligands of SUR2 subunits. We therefore concluded that the SUR1 subunit of the K ATP channel complex plays a major role in triggering the atrophic signalling in skeletal muscle. Whether this is the surface membrane SUR1 or the mitochondrial SUR1 subunit cannot be easily established from our data. The finding that the observed reduced expression of SUR1 and Kir6.2 subunits in our experiments is paralleled by the significant reduction of the K ATP channel activity support the involvement of sarcolemmal rather than mitochondrial K ATP channels in the atrophy of skeletal muscle, in contrast, to what is observed in other tissues (Debska et al. 2002; Ardehali & O'Rourke, 2005; Wu et al. 2007) .
Atrophy in skeletal muscle is known to be associated with a series of events involving deactivation of the PI3K/Akt/mTOR pathway, activation of the FOXO/atrogin and MurF1 genes with proteolysis and inhibition of protein synthesis, and activation of apoptotic and/or lysosomal pathways (Kandarian & Jackman, 2006) . In our experiments, the drug-induced atrophy of skeletal muscle observed 'in vitro' is associated with apoptosis as demonstrated by the fact that glibenclamide was able to enhance caspase-3-dependent activity in slow-twitch muscle and to reduce the ratio of protein concentration to muscle weight, an index of atrophy, and these effects were prevented by diazoxide. However, it seems that a caspase-3-independent mechanism plays a role in the drug-induced atrophy of fast-twitch muscle as demonstrated by the fact that glibenclamide is capable of reducing the ratio of protein concentration to muscle weight and this effect is prevented by diazoxide without leading to appreciable activation of caspase-3 in this muscle phenotype. This is in agreement with recent reports showing that atrophy is associated with caspase-3-dependent apoptosis in slow-twitch muscle rather than in fast-twitch muscle in which lysosomal activity might prevail, thereby supporting the idea that the activation of proteolytic pathways could differ between slow-and fast-twitch muscles (Dupont-Versteegden, 2006; Ferreira et al. 2007 Ferreira et al. , 2008 .
K ATP channel activity is also dependent on muscle phenotypes as supported by the fact that the observed changes in the K ATP channel currents, fibre diameters and the percentage expression levels of the MHC-IIa isoform in the slow-twitch muscle of 14-HU rats are correlated as determined by multiple coefficient correlation analysis. Furthermore, in the absence of atrophy an up-regulation of K ATP channels is observed in fibres of slow-twitch muscles that were labelled by MHC-IIa antibodies (subtype B fibres). The K ATP current values recorded in these fibres were in the range reported for the fast-twitch fibres leading to the idea that a shift from slow-to fast-twitch phenotypes occurred (Tricarico et al. 2006) . The up-regulation of the K ATP channel may have a protective role against atrophy and may explain the observed resistance of FDB muscles to the atrophic process. This is a fast-twitch muscle normally characterized by elevated K ATP channel current levels sustained by high expression levels of SUR1 and Kir6.2 subunits other than SUR2 subunits (Tricarico et al. 2006) . Several intracellular pathways may be affected by the up-regulation of the K ATP channels seen in the MHC-IIa fibres such as the Ca 2+ -calmodulin calcineurin/NFAT/MEF2 pathway that normally triggers the slow-to-fast phenotype transition, the extracellular signal-regulated kinase (ERK) pathway that is involved in the apoptosis and up-regulation of the slow genes, and insulin-dependent PI3-Akt-kinase, a well-known hypertrophic signalling pathway in skeletal muscle (Fraysse et al. 2003; Tricarico et al. 2003; Maedler et al. 2004; Kandarian & Jackman 2006; Kane et al. 2006; Harridge, 2007) .
However, we believe that the low level of correlation observed between the changes in K ATP channel currents and percentage expression levels of the MHC-IIa isoform, and the existence in the slow-twitch muscles from 14-HU rats of two subpopulations of MHC-I fibres showing normal channel currents and diameters (subtype C) or reduced channel currents and diameters (subtype A fibres), would suggest a secondary role of the K ATP channel in the muscle phenotype as compared with the atrophic process.
Therefore, down-regulation of SUR1/Kir6.2, and possibly of other K ATP channel subtypes as well as their pharmacological blockade leads to atrophic signalling in slow-twitch and fast-twitch skeletal muscles. These findings taken together led us to propose a new role for the K ATP channel as a molecular sensor of atrophy, and possibly of the slow-to-fast phenotype transitions associated with muscle disuse.
One limitation of our work is that the K ATP current has been recorded in excised patch experiments that normally lead to loss of intracellular metabolites including ATP and other nucleotides without allowing the correlation between the energy conditions of the cell and other parameters such as atrophy and K ATP channel activity. Previous work showed an increase in the ATP and lactate contents in isolated fibres from SOL muscle of 14-HU rats indicating a shift from the oxidative to glycolytic metabolism following 14 days HU (Grichko et al. 2000) .
The observed reduced K ATP activity in the atrophied SOL muscle fibres of 14-HU rats may have consequences on muscle physiology, for instance causing a slight fibre depolarization at rest as already reported, or may impair the fibre repolarization during prolonged AP firing (Pierno et al. 2007; Pedersen et al. 2009 ). These findings are of pathophysiological relevance as atrophy and myofibre phenotype transition often coexist in humans. Atrophy of MHC type IIx fibres is commonly observed in sprinters and body builders (Andersen & Aagaard, 2000) , or in the elderly (sarcopenia) (Harridge, 2007) . Vastus lateralis muscles from spinal cord-injured young patients, in contrast to those of healthy subjects, exhibit a high percentage of fibres expressing MHC-IIx, MHC-IIa or both, but almost no MHC type I fibres. Another condition of muscle disuse is that observed in humans during space flight and in experimental animals following simulated hypogravity and/or limb immobilization characterized by a reduction of strength and endurance, and the shortening of relaxation/contraction times with prolonged impairment of the muscle functionality. These findings may also have a therapeutic implication. Glibenclamide has been used for many years in the long-term treatment of type II diabetes and several reports have associated the use of this drug with pancreatic β cell death. The combined action of glibenclamide with other cytotoxic drugs with well-known atrophic effects, as commonly seen in the treatment of co-morbidity, may be associated with possible toxicodynamic drug-drug interaction in muscle.
